Heteroatom doped graphene as a single-atom catalyst for oxygen reduction reaction (ORR) has received extensive attention in recent years. In this paper, the ORR activity of defective graphene anchoring single heteroatom (IIIA, IVA, VA, VIA and VIIA) was systematically investigated using a dispersion-corrected density functional theory method. For all of the 34 catalysts, 14 of which were further analyzed, and the Gibbs free energy of each elementary reaction was calculated. According to the scaling relationship between DG OOH* and DG OH* , we further analyzed the rate-determining step of the remaining 20 catalysts. The results show that when the ORR reaction proceeds in the path O 2 / OOH / O / OH / H 2 O, the reaction energy barriers are lower than 0.8 eV for Te-SV, Sb-DV, Pb-SV, Pb-DV, As-SV, As-DV, B-SV, Sn-SV and N-SV. Our result provides a theoretical basis for further exploration of carbonbased single-atom catalysts for ORR.
Introduction
Proton exchange membrane fuel cells (PEMFCs) are one of the most promising clean energy technology candidates with simplicity, low working temperature, high power density, and quick start-up characteristics. These advantages promote their widespread commercial applications in the areas of transportation, stationary and portable power generation. However, to achieve a desirable fuel cell performance, the sluggish reaction kinetics of the oxygen reduction reaction (ORR) requires much higher Pt loading ($0.4 mg cm À2 ), even on the best Ptbased catalyst. Due to the scarcity and high price of Pt metal, reducing the cathode Pt loading or even completely replacing it with abundant and cheap catalysts would be advantageous. In recent years, a large number of non-precious metal catalysts (NPMCs) have been explored to substitute Pt in ORR, such as metal oxide, metal carbide, metal nitride and carbon based catalysts. [1] [2] [3] Among all of the NPMCs, graphene and carbon nanotube (CNT) based materials receive widespread attention due to their low price, fuel tolerance, good electrical and mechanical properties, high surface area, and noticeable electrochemical durability under actual working environments.
4,5
As an effective method, doping heteroatoms into a graphene matrix could adjust their electronic properties and enhance the ORR performance. Tremendous efforts have been undertaken to this led, both on the experimental and theoretical level. [6] [7] [8] [9] [10] [11] Dai's group 6, 12 is one of the pioneers in the study of nitrogen-doped carbon material for ORR. They synthesized nitrogen-doped CNT (N-CNT) and graphene (N-graphene) by pyrolyzing and chemical vapor deposition of methane in the presence of NH 3 . The resultant N-CNT and N-graphene were demonstrated to act as metal-free electrode with a much better electrocatalytic activity, long-term operation stability, and tolerance to crossover effect than platinum for oxygen reduction via a four-electron pathway in alkaline fuel cells. Sheng et al. 13 prepared boron doped graphene (B-graphene) on a large scale using boron oxide as the boron source. Compared to pristine graphene, the Bgraphene exhibits excellent electrocatalytic activity and longterm stability towards ORR in alkaline electrolytes, and good tolerance to CO poisons. Hu et al.
14 further explored the ORR activity of boron and nitrogen co-doped carbon nanotubes (BNCNTs). As for the two kinds of BN-CNTs, bonded or separated B and N, it was found that only the separated one can turn the inert CNTs into ORR electrocatalysts from both experimental and theoretical results. This progress demonstrates the crucial role of the doping microstructure on ORR performance, which is signicant for further exploring the advanced C-based metal-free electrocatalysts. The enhanced ORR activity of carbon-based materials through B and N doping further stimulates research interest in other doping systems. Yang and his collaborators graphene in direct methanol and alkaline fuel cells. Wei et al. 16 successfully prepared phosphorus-doped graphene nanosheets and found that the P atoms were substitutional incorporated into the carbon framework and were partially oxidized, which created new active sites for ORR. Gong et al. 17 fabricated nitrogen-and phosphorus-doped biocarbon via a simple and low-cost biosynthesis method using yeast cells as a precursor. The as-prepared biocarbon exhibits an onset potential of À0.076 V (vs. Ag/AgCl) and a negative shi of only about 29 mV in the half-wave potential of the biocarbon compared to commercial Pt/C. In addition, other two-dimensional materials have also been widely used as catalysts in various reactions, such as water splitting,
18
CO oxidation 19 and ORR. 20, 21 However, the key ORR activity mechanisms of metal-free materials are still incomparable with those of Pt-based catalysts, which stimulate the on-going debate on active sites and reaction pathway for ORR. In view of the signicant inuence of raw materials, preparation methods, post-treatment processes on the structure and properties of carbon-based catalysts and the lack of in situ characterization techniques, more promising high activity ORR catalysts could be predicted by screening more heteroatom-doped carbon materials with density functional theory (DFT) method. Although Me-N-C has been a very promising ORR catalyst, it is not the focus of this article.
22-24
The research and design of single-atom catalysts (SACs) requires a combination of the geometric and electronic properties of the single atoms themselves, as well as the geometric and electronic properties of the substrate. We have systematically studied the 3d metal atoms-B/C/N modied defective graphene 25 and A(III-VI) group atoms-MoS 2 with in-plane S defect. 26 In this work, we will systematically study the geometric and electronic properties of IIIA, IVA, VA and VIA monoatomic doped single and double vacancies graphene (short as X-SV and X-DV) catalysts. The stability and ORR activities of X-SV/DV have been further evaluated. Density functional theory (DFT) calculations are used to quantify the binding energies and reaction energetics of surface species involved in ORR.
Method

The thermodynamics of the ORR
The ORR activities on active sites of heteroatom-doped defective graphene were studied in detail. In alkaline environment, the oxygen molecular could be reduction to OH À , and the detail reaction scheme is shown as below:
where * refers to a possible active site in X-SV/DV model. (l) and (g) refer to the liquid and gas phases, respectively. *O, *OH and *OOH are the adsorbed intermediates.
For each step, the reaction free energy DG is dened as the difference between free energies of the initial and nal states and is given by the expression,
The Gibbs free energies of eqn (5)- (8) 
, E H 2 O and E H 2 are the calculated DFT energies of H 2 O and H 2 molecules in the gas phase using the approaches outlined by Nørskov et al.
28,29 DZPE and TDS are the zero point energy difference and the entropy change between the absorbed state and the free state, i.e., the gas phase, respectively, and T is the temperature (298.15 K in this work). e is the elementary charge and U is the potential difference between the electrode and the normal hydrogen electrode (NHE). The free energy change of H + is derived
Boltzmann's constant, and pH ¼ 13 for alkaline medium). Because the highspin ground state of an oxygen molecule is difficult to describe in DFT calculations, the free energy of O 2 (g) is derived as
.92 eV.
Computational details
The spin-polarized DFT calculations were performed by the DMol 3 code embedded in Materials Studio 30 with long-range dispersion correction via Grimme's scheme. 31 The generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) 32 functional is employed to describe exchange and correlation effects. The all electrons core treat method is implemented. The double numerical atomic orbital augmented by a polarization function is chosen as the basis set. 33 During geometrical optimization, the basis set cut-off was chosen to be 5.2Å. The convergence tolerances for the geometry optimization were set to 10 À5 Ha for the energy, 0.002 HaÅ À1 for the force, and 0.005Å for the displacement. The electronic SCF tolerance was set to 10 À6 Ha. A Fermi smearing parameter of 0.005 Ha was used in the calculations. The reciprocal space was sampled with a 6 Â 6 Â 1 k-points grid generated automatically using the Monkhorst-Pack method 34 for the relaxation calculations and a (18 Â 18 Â 1) k-points grid was used for electronic structure computations. The conductor-like screening model (COSMO) 35 is used to simulate the aqueous environment, where the dielectric constant is set as 78.54 (water). First-principles molecular dynamics (MD) was performed with NVE method. A time step of 1 fs was used and the temperature was set to 353.15 K. We have conducted a convergence test for important parameters (orbital cut-off quality and k-point set) and slab size, and the results indicate that present parameters and p(4 Â 4) slab are ne enough. More detail information is shown in Table  S1 . † Our DFT calculated lattice parameter for graphite is 2.47Å which is consistent with the experimental value and other computational results. 36 More than 15Å thick vacuum is added to avoid the articial interactions between graphene and its images. In all of the structure optimization calculations, all the atoms are fully relaxed.
Results and discussions
The geometric and electronic properties
The geometry-optimized graphene sheet has an in-plane C-C distance of 1.42Å, which is consistent with the previous results. 25, 36 The single and double vacancies of graphene were constructed through removing one and two neighbouring atoms, respectively. When a single hetero-atom is introduced into the defect position in graphene, the C atoms with dangling bonds at the defect will capture and anchor the hetero-atom. The geometric and electronic properties of X-SV/DV (X ¼ B, C, N, O; Al, Si, P, S; Ga, Ge, As, Se; In, Sn, Sb, Te; Tl, Pb, Bi) catalysts have been analysed in details.
3.1.1 Geometric properties. Depending on the size of the hetero-atoms and defect, the X-SV have two different structures, one being a planar structure, as shown in Fig. 1(a) , including B, C, N, O. The atomic radius of B (0.88), N (0.70) and O (0.73) are close to the C (0.77), so the planar structure can be maintained aer replacing the C atom position. According to Table S2, † the impurity atoms (B, N, O) are kept in the same plane as the graphene, and the height difference is zero. Second, the convex structure, as shown in Fig. 1(b) , includes Al, Si, P, S; Ga, Ge, As, Se; In, Sn, Sb, Te; Tl, Pb and Bi. For a dopant atom with a large atomic radius, such as Al (1.43), Si (1.17), Ga (1.35), and In (1.67) etc., the single atom vacancy defect is not sufficient to accommodate such a large impurity atom, so the heteroatom will protrude from the graphene plane and form a convex structure. The difference in height between the impurity atoms and the plane of the graphene is related to the radius of the impurity atoms. For most systems, the larger the atomic radius, the longer the X-C bond length as well as the greater the height of the X atoms, as shown in Table S2 . † For X-DV systems, the situation is similar. It was found that some X-DV systems have Table S3 † for specic data.
3.1.2 Electronic properties. In addition, we studied the density of states and Mulliken charge of the X-SV/DV system. It is found that, except for the N&O doping system, the X atoms are positively charged, and the adjacent C atoms coordinating with X are negatively charged, as shown in Tables S2 and S3 . † The greater the difference in electronegativity between the X atom and the C atom, the more pronounced the charge transfer between the two. The density of states analysis of the X atom reveals that the average energy (the sp electrons band center) changes regularly. For the X atom of the same period, the center of the sp band satises B > C > N > O, as shown in Table S2 . † The trend of X-DV is similar to X-SV.
The stability
Stability is an important parameter for judging catalyst performance. To evaluate the stability of the catalyst, the bonding energy between the X atom and the defective graphene in the X-SV/DV catalyst was dened as following:
where E X-SV/DV , E SV/DV and E X are the total energies of the single atom doped graphene systems, defective graphene and an isolated X atoms, respectively. It was found that the X-SV bonding energy for most systems is greater than the corresponding X-DV. The stability of the catalyst is closely related to the size and electronic structure of the dopant atoms. We found that for small atomic radius doping SV systems, the stability decrease in the order: C(p2) > B(p1) > N(p3) > O (p4), with regard to large atomic radius doping SV system, the change trends are somewhat different (as shown in Table S4 †):
, the regularity of the system is poor, and the atomic radius is also used. The electronic structure is explained: the density of states (DOS) calculation shows that there is a clear orbital overlap between the X atom and the C atom, and there is a covalent bond between the two. The calculation of differential charge density and Mulliken charge shows that there is a signicant charge transfer between X and C, and there is a signicant ionic bond between the two. Therefore, the X-C forms a hybrid bond. There is no signicant spin change in the material, so it can be considered as a zero spin material. Aer introducing the aqueous environment effect, the stability of the catalyst is almost unchanged, as shown in Table S4 . † Furthermore, rst-principles molecular dynamics in a period of 1000 fs (1 ps) calculations at the temperature of 353.15 K were conducted for Tl-SV (DE b ¼ À0.23 eV), In-SV (DE b ¼ À2.66 eV) and Ga-SV (DE b ¼ À4.35 eV). It was found that only Ga and C atoms in Ga-SV can maintain bonding with slight distortion, and the structures of other systems were destroyed, as shown in Fig. S1 . † This indicates that only catalysts with a bonding energy greater than 4 eV could remain stable under PEMFC operating conditions. The binding properties of X atom on vacancy are analysed by calculating the charge density difference in real space. The charge density difference of X-V is dened as following equation and shown in Fig. 3 :
where the charge density is calculated in the same supercell for all quantities, r X-V is the total charge density of the X-vacancy system, and r V and r X are the charge densities of noninteracting pristine vacancy and X atom, respectively. The charge density difference quanties the redistribution of electron charge due to the interaction between adatom and vacancy. The accumulated charge density around the X-C bonds indicates that X is strongly bound on the site vacancy of graphene, in accordance with the high exothermic adsorption energy in Fig. 2 and Table  S4 , † implying that the covalent bonding is formed between X and C atoms. In addition, Fig. 3 shows a charge transfer from X to C atom, which is consistent with the electronegativity difference between C and X atoms. The Mulliken charge of the X-vacancy systems is calculated in Table S3 , † which also indicates that a great amount of electrons are transferred from X to substrate. The amount of charge transformed from X to C decrease in the order Al > Si > P > S, as observed in Fig. 3 and Table S2 † for both X-SV and X-DV. Also, the X-DV systems are more signicant due to more X-C bonds. This phenomenon indicates the obvious ionic bond characteristic. What's more, there exist signicant electronic density overlap between X and substrate, as shown in Fig. 4 . This phenomenon indicates the obvious covalent bond feature. The corresponding orbits at specic energy levels have also been given in the inset pictures in Fig. 4 .
The ORR activities of X-SV/X-DV
We selected 14 catalysts (according to the adsorption energy of O 2 in the range of (0.3 eV, 1.0 eV)) and analyzed the adsorption behavior of reactants (O 2 ), intermediates (O*, OH* and OOH*) and products (H 2 O) involved in the ORR reaction on the impurity atoms site. The optimized structures of oxygenated species on Al-SV and Al-DV have been shown in Fig. 5 . The results show that the adsorption structure of oxygen-containing species is different for different substrates of the same impurity . The red colour represents electron accumulation, while the blue colour represents electron depletion. The intensity of colour depends on the amount of electron change: the darkest red marks the most accumulation; the darkest blue marks the most depletion. Brown, C atom; purple, Al atom; yellow, Si atom; pink, P atom; green, S atom. atom or different impurity atoms of the same substrate. Fig. 6(a) shows the adsorption free energies of OOH* and OH* for parts of X-SV and X-DV. The free energies of OOH* are linearly related to that of OH* by y ¼ 0.91x + 3.40. Fig. 6(b) shows the adsorption free energies of OH* and O* for parts of X-SV and X-DV structures. There is also a scaling relation with a slope of 1.04 between OH* and O* except some sites where oxygen atom is adsorbed in Al-DV, Ga-SV and so on. The free energy of reaction (1)-(4) can be calculated using eqn (5)- (8) . According to the relationship between DG OH* and DG O* , the catalysts are divided into two parts, and the detailed reaction free energy for each elemental steps were shown in Fig. 7(a) We further analyzed the RDS of the remaining 20 catalysts. First of all, we calculated the DG OH* of all 20 catalysts. According to the scaling relationship between DG OOH* and DG OH* (DG OOH* ¼ 0.91DG O* + 3.40), the DG OOH* were then obtained (as shown in Table S7 †) . From the above, we can conclude that the RDS is either step 1 (determined by DG 1 ¼ DG OOH* À 4.92 eV + DG(pH) + eU) or step 4 (determined by DG 4 ¼ ÀDG OH* + DG(pH) + eU). When pH ¼ 13, U NHE ¼ 0.44 V, we could obtained DG 1 and DG 4 based on DG OH* . We compare the values of DG 1 and DG 4 , and the maximum value was used as the energy barrier of RDS. Then, The relationship between DG OH* and max energy barrier was summarized and shown in Fig. 8 , Tables S8 and S9 . † We found a "volcanic curve" relationship between DG OH* and energy barrier. When the binding energy was too strong between OH* and SAC (DG OH* < 0.76 eV), the oxygen reduction reaction was limited by OH* / OH À , and the energy barrier decrease with DG OH* . As shown in Fig. 8 , the identied catalyst . This indicates that, the closer to the vertex of "volcanic curve", the closer the values between DG 1 and DG 4 , and the smaller the energy barrier difference between the two elementary reactions. However, the farther the catalysts from the vertex of "volcanic curve", the bigger the gap between RDS and other steps. When the binding energy was too weak between OH* and SAC (DG OH* > 0.76 eV), the oxygen reduction reaction was limited by O 2 / OOH*, and the energy barrier decrease with DG OH* . The trend in right side is opposite to the le one. An ideal catalyst should be able to facilitate oxygen reduction just above the equilibrium potential, but requires all the four electrons transfer steps to have reaction free energies of the same magnitude at zero potential (i.e., 4.92 eV/4 ¼ 1.23 eV). This is equivalent to all the reaction free energies being zero at the equilibrium potential, 1.23 V for acid medium and 0.44 V for alkaline medium with pH ¼ 13. The reaction free energy DG 1 , DG 2 , DG 3 and DG 4 have the following relationship regardless of pH and potential correction:
Eqn (11) and (12) are competing with each other due to the opposite sign. Therefore, when DG 1 , DG 2 , DG 3 and DG 4 are equal, the RDS obtains the minimum value. As we have mentioned, when DDG is the smallest, the lowest energy barrier obtained.
We also calculated the adsorption free energy and reaction free energy for all catalyst with aqueous environment. Although there are some differences in the absolute value of free energy, the general trend is almost same. Therefore, we put all related results in ESI (Fig. S2-S4 †) for comparison and will not discuss here.
We also compared our results with other experimental and DFT results. Zhang et al. 37 conducted research on four different S-doped graphene quantum dot structures using the DFT method. Their calculations indicates that carbon atoms located at the zigzag edges or close to the SO 2 doping structure possess high positive charge density or spin density, and the reaction can be carried out simultaneously through the four-electron path and the two-electron path on these carbon atoms. According to our calculations, however, both S-SV (0.97 eV) and S-DV (1.49 eV) have higher energy barriers at 0.9 V, and the ratedetermining step is the same, both of which are O 2 (g) hydrogenation to form OOH*. We also compared the ORR activity of N-SV catalyst with the results of Li et al. 38 It was found that when consider the same reaction path, the rate-limiting step was same (O 2 (g) + (H + + e À ) + * / OOH*). However, our obtained overpotential values (0.78 V) was much higher than the ref. 38 . The differences in doping structure lead to differences in activity. The comparison of phosphorus doped graphene between our work and the others have also been done. 39, 40 The results obtained by Kaukonen et al. 39 indicate that single P atoms embedded into divacancies in graphene can be good candidates for ORR catalysts, which is consistent with our calculation results (0.55 eV at 0.9 V for P-DV). The DFT results of Zhang et al. 40 (P-SV) show that the reduction step from the second OH to H 2 O is the rate-determining step, which has a larger barrier of 0.88 eV, which is also consistent with our results, the same rate-limiting step and high energy barrier (1.36 eV) at 0.9 V. The difference in specic values is duo to the different method of evaluating barriers. We even compared with platinum-based ORR catalysts and found that the most active Te-SV has a reaction barrier comparable to Pt(211). 41, 42 In this article, we did not consider all possible active sites in detail, such as not considering carbon atoms adjacent to heteroatom. Therefore, the conclusions we give in this paper are a preliminary judgment. Next, we will specically study the catalyst with high activity in a more detailed manner. By further analysing the various reaction pathways and all possible active sites, our ultimate goal is to nally conrm the high activity characteristics of the catalysts and achieve laboratory preparation of highly active catalysts.
Conclusions
In summary, we have systematically investigated the geometric property, electronic property, stability and ORR activity of 34 SACs based on defective graphene (short as X-SV or X-DV, X¼ B, N, O; Al, Si, P, S; Ga, Ge, As, Se; In, Sn, Sb, Te; Tl, Pb, Bi) using dispersion-corrected density functional theory method. The oxygen reduction activity of 14 catalysts was analysed in details, and the Gibbs free energy of each element reaction was calculated. According to the scaling relationship between DG OOH* and DG OH* , the rate-determining steps of the remaining 20 catalysts were further analyzed. The results show that when the ORR reaction proceeds in the path O 2 / OOH* / O* / OH* / OH À , the reaction energy barrier of Te-SV, Sb-DV, Pb-SV (unstable), Pb-DV (unstable), As-SV, As-DV, B-SV, N-SV and Sn-SV is lower than 0.8 eV. Our result provides a theoretical basis for further exploration of carbon-based SACs or co-doped catalysts for ORR.
